Nine vats of stirred-curd granular cheddar cheese were made with whole milk contaminated with Salmonella typhimurium after pasteurization. Enumeration of salmonellae by the most probable number technique during manufacture and curing showed that these organisms multiplied rapidly during manufacture until the curd was salted. Thereafter and throughout the curing period, the salmonellae declined in number at a rate dependent on the temperature of curing. Evidence is presented indicating that the production of volatile fatty acids in the curd during curing may be responsible for this decline.
Nine vats of stirred-curd granular cheddar cheese were made with whole milk contaminated with Salmonella typhimurium after pasteurization. Enumeration of salmonellae by the most probable number technique during manufacture and curing showed that these organisms multiplied rapidly during manufacture until the curd was salted. Thereafter and throughout the curing period, the salmonellae declined in number at a rate dependent on the temperature of curing. Evidence is presented indicating that the production of volatile fatty acids in the curd during curing may be responsible for this decline.
The widespread occurrence of salmonellae in human food and animal feed is well documented (1, 3) . All serotypes are considered pathogenic for man. The highest incidence of contamination has frequently been attributed to proteinaceous food materials. Milk-borne salmonellosis, particularly typhoid fever, was well known before the widespread application of pasteurization. More recently, certain animal glandular products, including pepsin, have been found to be contaminated with Salmonella.
Although cheese has been responsible for a number of food-poisoning outbreaks, most of these outbreaks have been attributed to staphylococcal enterotoxin. In the majority of these instances, enterotoxin was formed in sufficient quantities mainly as a result of starter culture failure and subsequent subnormal lactic acid production.
Relatively little information concerning the behavior of Salmonella during the manufacture and curing of cheese is available in the literature. Fabian (4) summarized the cheese-borne Salmonella outbreaks which were reported up to 1947. Several reports (9, 10, 13, 14) describing Salmonella infections caused by consumption of contaminated cheese have appeared more recently in the foreign literature. In 1967, Price and Carter (11) described an outbreak of gastroenteritis attributable to the presence of Salmonella indiana in "cup" cheese (a skimmed-milk, soft-curd cheese).
As a consequence of these reported outbreaks, of the possibility of salmonellae occurring in raw materials (pepsin), and of the paucity of informa- lower limit of detection of salmonellae in this study was 0.3 organism per gram. The behavior of S. typhimurium during the manufacturing process is summarized in Fig. 1 . There was a slight increase in the number of salmonellae during the period between the addition of the starter culture and cutting of the curd. As shown in Table 1 , the elapsed time between these stages was about 75 min; the temperature was 31 C. The culture of Salmonella added with the starter was 24 hr old, and this initial period of slight increase in numbers can probably be attributed to a lag period or period of adjustment to the new environment. This lag period was followed by a rapid increase in the number of salmonellae during the interval between cutting the curd and draining the whey. The increase in temperature from 31 to 40 C during this time would accelerate the growth rate of the Salmonella organisms.
On the average, the number of salmonellae increased by a factor of 130 during this time. A 10-fold increase can be attributed to physical entrapment by the curd particles. The remaining increase would indicate that about 3.5 multiplications of the organisms took place within 120 min. This represents a generation time of approximately 35 min, a value that can easily be accepted. Subsequent to this period of rapid growth, a reduction or actual cessation of growth occurred during the salting operation and prior to hooping. The result was that only a single division of cells (average) occurred during this period. Direct contact with the salt could account for this decrease in the rate of growth. The effect of salt would be greatest on curd surfaces where its concentration approaches the saturation level and would diminish toward the center of the curd particle. Equilibrium of salt within the curd particles would be attained sooner in the granular cheddar than in traditional cheddar curd particles which are larger at salting. Growth was replaced by a gradual diminution in the number of salmonellae as the curd was pressed overnight at room temperature.
The decline in the number of salmonellae in the cheeses as they were cured at 7.5 and 13 C is shown in Fig. 2 . It is apparent that these organisms die more readily at the higher temperature. Although it is impossible to calculate a D value from these data, the number of salmonellae decreased by a factor of 10,000 during 10 to 12 weeks at 13 C, and a similar decrease required 14 to 16 weeks at 7.5 C.
To ascertain the environmental factors that influence the behavior of salmonellae in milk and cheese, the following experiments were carried out. To assess the effect of low pH (as effected by lactic acid), the growth of S. typhimurium in skim milk at pH 4.9 and 37 C was measured (Fig. 3) . It can be seen that a pH of 4.9 had little or no detrimental effect on the multiplication of S. typhimurium. Moreover, the addition of NaCl to a final concentration of 3% resulted in an increased lag phase after which growth occurred. It is thus apparent that reduced pH and the concurrent presence of NaCl at this concentration The presence of volatile fatty acids (VFA) in cheese is well documented (7, 12) . The quantity of these compounds present in ripening cheese increases with the age of the cheese and is associated with cheese flavor. The major VFA produced in cheese is acetic acid, although lesser quantities of formic, propionic, butyric, and other acids also develop. Volatile fatty acids have been observed to inhibit the growth of Shigella sp. and even to result in their destruction in broth culture (5) . These effects were found to be pH-dependent (6) . Goepfert (to be published) noted a similar effect (i.e., a killing effect) on S. typhimurium in broth culture. This effect was not only pHdependent but also temperature-dependent, and the activity of the acid was inversely correlated with the chain length of the molecule. To determine whether VFA played a role in the behavior of salmonellae in curing cheese, sterile milk was acidified to pH 4.9 with lactic acid, and additions of NaCl (4.5%) alone and in combination with acetic acid (0.1 %) were made to individual tubes. Figure 4 shows the effect of the various additions on S. typhimurium at 7.5 and 13 C. At both temperatures, the salmonellae in the tubes containing acetate exhibited a more rapid death rate than in the tubes without acetate. Moreover, the higher temperature (13 C) lower temperature. It is evident that the presence of 4.5% NaCl alone at pH 4.9 was sufficient to induce the death of salmonellae, although at a somewhat slower rate. This phenomenon was also temperature-dependent. From these data, it appears that the production of volatile fatty acids during the curing period may be a major factor in the elimination of salmonellae from the cheese. It is difficult to predict the quantitative aspects of the effects of VFA as the production rate of these compounds, the pH, the oxidation-reduction potential, and the temperature all assume varying degrees of importance.
It is of interest to compare these findings with those of Bruhn et al. (2) It must be kept in mind, when interpreting the data presented, that this study was conducted with a 24-hr culture of S. typhimurium. As such, these results cannot be used directly to predict the behavior of heat-injured salmonellae. Much of the cheddar cheese produced in this country, at present, is made from milk which receives a subpasteurization heat treatment. This heat exposure would result in thermal injury to any Salmonella that survived the process. Hence, the above results would more appropriately describe what might be expected if the milk is contaminated after heating or is held a sufficient time to allow rehabilitation of thermally injured cells.
As indicated earlier, levels of salmonellae which are believed to be rather high were used throughout this study. When these numbers are scaled down, some interesting extrapolations are obtained. If it is assumed that present detection methods are sufficiently developed so that one Salmonella cell per 100 g of cheese can be detected, then only 100 salmonellae per g of cheese initially would be needed to have enough organisms survive after 10 to 12 weeks at 13 C or 14 to 16 weeks at 7.5 C to be detectable in a 100-g sample. Assuming that a similar behavior pattern to that described above occurs during manufacturing, a concentration of 1.3 salmonellae per ml of milk would be required to achieve this 100 salmonellae per g of cheese figure. However, when the death curve at the 60-day point is examined (shortest legal holding period), it is evident that only 2 logs or a 100-fold reduction in contamination level has been achieved. Thus, the presence of one Salmonella cell per 100 ml of milk could result in a sufficient number of organisms to be detectable in a 100-g sample.
The results presented in this paper emphasize the slow rate of decline in numbers of salmonellae, even under fairly harsh environmental conditions. Consequently, it is hazardous to assume that a Salmonella problem cannot exist in a given product simply because the food may be relatively acidic in nature. This is particularly true if low temperatures are involved in production or storage, or both.
Further studies are under way to assess the potential problems which may be associated with subnormal lactic acid production in cheddar cheese. In addition, other varieties of cheese are being studied from a standpoint of manufacturing and ripening and their effects on Salmonella.
